The small GTPase Rab5 is recruited to early endocytic vesicles and in turn attracts numerous effector proteins, such as Rabenosyn-5, Rabaptin-5, early endosomal antigen-1 (EEA1), and class I and III phosphatidylinositol 3-kinase (PI3K) regulatory subunits, into functional domains. These domains orchestrate endosome/phagosome maturation by organizing molecular machines involved in movement, cargo delivery, and membrane sorting, whereby vesicles undergo recycling or are directed to lysosomal compartments (1) . Many intracellular pathogens taken up by phagocytosis (2-4) interfere with phagosome maturation at the Rab5 ϩ stage to prevent being routed to lysosomes for destruction, e.g., Mycobacterium tuberculosis (5) , Listeria monocytogenes (6) , and Leishmania donovani (7, 8) , often by affecting turnover of phosphatidylinositol phosphates (9) . Thus, Rab5 marks a compartment in which decisions about pathogen survival or destruction are integrated (10) . Recently, it was proposed that phagosome maturation is subject to higherorder signaling cascades as engaging Toll-like receptors (TLRs) accelerate the maturation of phagosomes containing TLR ligand-displaying particles (11, 12) . This attractive hypothesis is debated, as others could not confirm these observations (13) .
Leishmania spp. are medically relevant model pathogens (14) . These protozoan parasites are transferred as promastigotes during a blood meal by their insect vectors and then are taken up by professional phagocytes wherein they transform into intracellular amastigotes (15) . As for many other pathogens, on the basis of current data it is unclear whether Leishmania-containing phagosomes mature in a uniform way. For example, Ͼ60% of the parasites are located in Rab7 ϩ , transferrin 1 receptor-negative (TfR Ϫ )/EEA1-negative compartments within 10 min after phagocytosis, whereas a minority (Ͻ15%) is found in compartments positive for early and recycling endosome markers such as EEA1 (16, 17) . Whether phagosomes expressing early and late endosomal markers, respectively, reflect a sequence in time or different habitat subpopulations is presently unclear. If they represent different habitats, this could have important implications. For example, the habitat subpopulations could have differential abilities to fuse with other vesicle populations. This could affect accessibility for drugs used to treat the infection. Moreover, the major phagocytic receptors involved in parasite uptake differ among life-cycle stages and vary depending on host immune status. It is unclear whether this affects the intracellular trafficking of the parasites or their survival.
Here, we report on the generation of a unique transgenic mouse model for the ubiquitous expression of functional fluorescent Rab5 at nontoxic levels to trace endocytic events and phagosome maturation in primary professional phagocytes. The mice harbor an egfp-rab5 transgene under the control of the reverse tetracycline transactivator (18) , allowing induction of green fluorescent protein (GFP) -Rab5 by doxycycline. Phagosome maturation was studied in GFP-Rab5-expressing bone marrow-derived macrophages (BMM⌽s), which were infected with red fluorescent Leishmania mexicana parasites or exposed to latex beads. The system allowed us to study by real-time imaging whether early events in the maturation of parasite-containing phagosomes are uniform in primary cells, whether these are modulated by parasite surface ligand interaction with cognate receptors, and whether this would have consequences for the intracellular establishment of the parasite. Real-time recording unraveled a massive recruitment of Rab5 covering the entire phagosome membrane, which for parasites lasted only 1-2 min. Intriguingly, residence time in Rab5 ϩ compartments was modulated by physiologically relevant major parasite surface ligand host cell receptor interactions. This result indicated that signaling cascades initiated by diverse host cell surface receptors indeed have an effect on phagosome maturation kinetics. However, this was not enough to change the ability of the parasite to establish productive intracellular infection.
MATERIALS AND METHODS

Chemicals and antibodies
Doxycycline was obtained from Clontech Laboratories Inc. (Palo Alto, CA, USA) and was dissolved at 20 mg/ml H 2 O. Wortmannin was from Sigma-Aldrich Corp. (St. Louis, MO, USA) and was prepared as a 2 mM stock solution. Cy3-labeled transferrin was a kind gift from U. Schaible (Max-PlanckInstitute for Infection Biology, Berlin, Germany). The Cy3-conjugated rat anti-mouse LAMP-1 antibody, 1D4B, was from BD Biosciences (San Jose, CA, USA); polyclonal rabbit antiRab5a antibodies were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA), and secondary anti-rabbit antibodies from goat conjugated to horseradish peroxidase (HRP) were from SouthernBiotech (Birmingham, AL, USA). Fluorescent latex beads were from Molecular Probes Inc. (Eugene, OR, USA).
Generation of transgenic embryonic stem (ES) cells and mice
E14TG2a cells (19) were grown in Glasgow minimal essential medium (Sigma-Aldrich Corp.) supplemented with 10% (v/v) fetal calf serum (FCS), 100 U/ml penicillin, 100 g/ml streptomycin, and 2 mM l-glutamine, 1ϫ nonessential amino acids, sodium pyruvate, 50 M ␤-mercaptoethanol, and 100 U/ml human leukemia inhibitory factor (hLIF) (from culture supernatant of hLIF-transfected COS-7 cells). ES cells were grown on gelatinized tissue culture plasticware. Recombinant ES cells expressing doxycycline-inducible Rab5 protein fused to GFP were derived and characterized as described in Supplemental Material.
Chimeric mice were produced on the basis of protocols described previously by blastocyst injection (20) . Offspring male founders were further bred to female C57BL/6 mice.
Parasite culture
L. mexicana mexicana (MNYC/BZ/62/M379) lpg1 Ϫ/Ϫ (21) and L. mexicana mexicana (MNYC/BZ/62/M379) dsred14 (22) promastigotes were cultured in vitro in semidefined medium/ 10% heat inactivated FCS and 20 g/ml hygromycin at 26°C. Amastigotes were cultured axenically at 34°C in Schneider's Drosophila medium (Life Technologies, Inc., Gaithersburg, MD, USA) supplemented with 10% heat-inactivated FCS and 3.9 g/l 2-(N-morpholino)ethanesulfonic acid (Sigma-Aldrich Corp.). Lipophosphoglycan (LPG) -deficient L. mexicana parasites were stained with SYTO 61 (Molecular Probes). Staining was performed on ice in medium with a 1:1000 SYTO 61 dilution. Amastigotes were singularized before staining. After 20 min, the parasites were centrifuged and resuspended in fresh medium and were then cultured further.
Derivation of BMM⌽s and dendritic cells
Bone marrow cells were harvested from female mice and plated at 5 ϫ 10 6 cells/100 mm bacterial Petri dish in 15 ml of DMEM supplemented with 10% FCS, 2 mM glutamine, and macrophage colony-stimulating factor (M-CSF) (20% L929 cell-conditioned culture supernatant). On day 6 of culture, nonadherent cells were washed away, and the BMM⌽s were released from the plastic by incubation at 37°C with PBS. BMM⌽s were replated in the same medium at the required density on -slides (Ibidi GmbH, München, Germany) and were used the following day. Bone marrow-derived dendritic cells were produced as described previously (23) .
Flow cytometry
Cells were fixed with 4% paraformaldehyde (PFA) for 15 min and were then analyzed on a Becton Dickinson FACSort (Becton Dickinson, Franklin Lakes, NJ, USA). Green fluorescence signals were detected in FL-1. Cell debris and dead cells were excluded from the analysis on the basis of forward-and side-scatter characteristics, and 10 4 to 2 ϫ 10 4 events were recorded. Fluorescence-activated cell sorting data were analyzed using CellQuest (version 3.3; BD Biosciences) or FCS express version 2 (De Novo Software, Los Angeles, CA, USA).
Western blot analysis
Wild-type (WT) and gfp-rab5 transgenic ES cells were washed with PBS and subsequently lysed in SDS-PAGE sample buffer. Proteins were separated by SDS-PAGE, transferred onto polyvinylidene difluoride membranes, and probed with a rabbit polyclonal antibody against Rab5a. After incubation with HRPconjugated secondary antibodies, the blots were developed by enhanced chemiluminescence (Western Lightening-Chemiluminescence Reagent Plus; PerkinElmer Life and Analytical Sciences, Inc., Wellesley, MA, USA) and exposed to film (Hyperfilm; Amersham Bioscience Corp., Piscataway, NJ, USA).
Immunofluorescence analysis of fixed cells and mouse tissues
To determine the relative distribution of Rab5, ES cells were grown on glass coverslips and induced to spontaneously differentiate in the presence of 2 g/ml doxycycline. The distribution of GFP-Rab5 was studied in relation to LAMP-1 and transferrin. Therefore, cells were either starved from serum for 1 h or were incubated with 10 g/ml Cy3-labeled transferrin (kind gift of U. Schaible) for 15 min and then were fixed with 4% HEPES-buffered PFA for 30 min or fixed directly, permeabilized, and stained with anti-LAMP-1 antibodies (22) . Optionally, cells were treated for 120 min with 100 nM wortmannin before the experiment. For results, see Supplemental Material.
Different mouse tissues were collected from mice treated or not treated with doxycycline and fixed for 6 h in 2% PFA in PBS. Fixed tissues were washed, equilibrated overnight in PBS/30% sucrose, embedded in optimal cutting temperature (O.C.T.) compound (Vogel Medizinische Technik und Elektronik, Giessen, Germany) and frozen. Sections (10 m) were cut, air-dried at room temperature, and stored at Ϫ70°C. Sections were thawed, and nuclei were stained with 1 g/ml 4,6-diamidino-2-phenylindole (DAPI) in Tris-buffered saline/ 0.5% Tween 20 for 10 min.
Cells and tissues were finally mounted in Mowiol. Pictures were captured with a Leica DMR fluorescence microscope (Leica, Wetzlar, Germany) using a Nikon digital camera DXM1200 (Nikon, Melville, NY, USA) and ACT software (version 2.00; Leica). Pseudocolor was applied with Adobe Photoshop software (Adobe Systems, San Jose, CA, USA). Contrast and brightness enhancement of acquired images was also performed with Adobe Photoshop software to enhance weak fluorescence of some images and to improve the contrast.
Epifluorescence pictures were analyzed for fluorescent signal overlap by visual inspection. With the use of Adobe Photoshop, a grid was projected onto the image of a given cell, all fluorescent structures in a grid square were examined for green and red fluorescence, and colocalization grid squares were chosen to ensure that peripheral and perinuclear structures were represented. At least 8 cells were analyzed, counting Ͼ80 single fluorescent structures per cell.
Live cell imaging
BMM⌽s were grown on -slides. Parasites were added, and time-lapse image series were acquired at 37°C and 5% CO 2 on an inverted Zeiss Axiovert 200M microscope equipped with an ϫ100 oil-immersion objective. Image collection was controlled by Open Lab software (version 4.0.3; Open Lab, Florence, Italy).
Each individual cinematic image series was processed manually with Open Lab software and ImageJ (version 1.33u; National Institutes of Health, Bethesda, MD, USA) to assess Rab5 recruitment and loss. Data were analyzed using GraphPad Prism 3.1 statistics software (GraphPad Software Inc., San Diego, CA, USA).
Determination of replication competent parasites from infected BMM⌽s
C57BL/6 female BMM⌽s were seeded on 96-well TC plates at 4 ϫ 10 4 cells/well. After the cells had attached, the medium was removed and replaced with fresh medium with or without 100 nM wortmannin (Sigma-Aldrich Corp.) for 2 h. Then cells were infected with stationary cultures of promastigotes of L. mexicana of WT and lpg Ϫ/Ϫ genetic background (clone I8D; cf. ref. 21 ) at multiplicity of infection of 5:1 in triplicates, spun for 10 min at 700 g, and incubated for 30 min at 34°C to allow infection. Free parasites were washed away, and fresh medium was added to the infected macrophages, which were incubated for a further 24, 48, 72, and 96 h. Time 0 denoted the point at which the parasites were washed away. At each time point macrophages were lysed in DMEM/0.008% SDS to isolate the internalized parasites, and the lysate was diluted 1:10 and 1:100 in semidefined minimal (SDM) medium and incubated at 26°C. Promastigotes were enumerated at day 3-6 to confirm linear growth, and numbers at day 4 were used to compare treatments.
RESULTS
Derivation of gfp-rab5 transgenic mice and transgene induction in diverse tissues
Having established a system for inducible GFP-Rab expression on the basis of integration into the X chromosomal hprt locus that reports correctly in ES cells (cf. Supplemental Material), lines of transgenic mice were produced by blastocyst injection. Male chimeras were obtained and bred to C57BL/6 female mice. Litters were of normal size, indicating that the transgene is compatible with normal development. Transgenic offspring were identified by polymerase chain reaction, and transgene-carrying, heterozygous females were treated on consecutive days with intraperitoneal injections of doxycycline. Expression of GFPRab5 protein was then assessed on cryosections prepared from diverse tissues. Consistent with hprt being an open locus in most cell types, GFP-Rab5 was detected in all tissues tested (Fig. 1) . No signal was detected in vehicle-treated, transgenic mice, indicating tight regulation of gene expression.
Next, we derived macrophages and dendritic cells from bone marrow of heterozygous transgenic females by culture for 7 days in M-CSF or granulocyte-macrophage CSF-containing medium, respectively. GFP-Rab5 expression was induced by adding doxycycline either throughout the 7 days or only for the last 2 days. GFP-Rab5 was expressed by up to 37% of the heterozygous cells, independent of the protocol used. Cell yield and morphology were not different from nontransgenic BMM⌽ or dendritic cells (not shown) indicating that transgene induction did not compromise cell proliferation, differentiation, or viability. The distribution of the fluorescence recapitulated the results ob-tained with the ES cell lines (compare Supplemental Fig. 2 and Fig. 1 ). This indicated that GFP-Rab5 proteins labeling the early endosomal compartment could be expressed in primary professional phagocytes.
Kinetics of GFP-Rab5 recruitment and loss from phagosomes containing different cargo
The maturation of phagosomes is difficult to assess because of the asynchronous nature of particle uptake or infection with pathogens. Thus, live cell imaging of GFP-Rab5 expressing transgenic primary phagocytes was used to visualize the fate of individual phagosomes. By using this system, kinetics of phagosome maturation can be divided in a pre-Rab5 ϩ phase, a phase that is Rab5 ϩ , and a phase that has lost Rab5. To evaluate our model and for comparative reasons as well as for reference to published data, we monitored the uptake of latex beads and maturation of bead-containing phagosome maturation. BMM⌽s were treated with doxycycline and then incubated with carboxylated red fluorescent latex beads (1 m diameter). Beads and phagosomes were analyzed in real time by epifluorescence microscopy. Intervals of 45-70 min were monitored at 6 frames/min. Beads were readily taken up, and bead-containing phagosomes recruited GFP-Rab5 within 50 -70 s (not shown). These compartments retained GFP-Rab5 on average for Ͼ30 min (Fig. 2) . This is a lower estimate of the residence time in GFP-Rab5 ϩ compartments because bead-containing phagosomes could move out of focus. Pretreatment of the BMM⌽s with wortmannin for 2 h to inhibit PI3Ks and "freeze" phagosome at the early endosome stage induced giant endosomes as expected but had no effect on GFPRab5 recruitment or loss. These findings agree with published data on latex bead phagocytosis (24) and the effect of wortmannin (25) , indicating faithful and proper reporting of the GFP-Rab5 transgene.
We next investigated the paths of phagosomes containing L. mexicana, a real pathogen. BMM⌽s engulfed the parasites, and phagosomes were moved from the site of uptake toward the perinuclear area (cf. Supplemental Movie 2). During this process, parasite-containing phagosomes recruited GFP-Rab5 within the first minute after uptake, resulting in strikingly uniform distribution of Rab5 over the phagosome membrane. In contrast to bead-containing vesicles, GFP-Rab5 recruitment was very transient, and the GTPase disappeared from the phagosome after an average time of Ͻ2 min (median 100 s, range 20 -280 s ( Figs. 3 and 4 ; see also Supplemental Movie 2). Importantly, the sequence of events was the same for every single phagosome observed, indicating uniform but dramatically different kinetics of Rab5 loss of pathogen-containing phagosomes compared with bead-containing phagosomes (Fig. 2) .
Occasionally, homotypic fusion of individual parasite-containing phagosomes was observed at the GFPRab5 ϩ stage in cells that had phagocytosed multiple parasites (not shown). It is noteworthy that in these cases GFP-Rab5 was remaining for extended times on the phagosome, reminiscent of the behavior of latex bead carrying compartments. Fusions of GFP-Rab5 phagosomes containing a parasite with parasite-containing phagosomes that had passed this stage was never observed.
Influence of promastigote surface ligand-host cell receptor interactions on phagosome maturation
Host phagocytes encounter Leishmania in two forms during infection: the vector-transmitted, extracellular promastigotes and the host-borne amastigotes. For the uptake of promastigotes, LPG is a prominent ligand (26) because it covers the surface, forming a glycocalix, and engages complement receptor 3 (CR3) (27) , triggering uptake. Thus, we infected GFP-Rab5 ϩ BMM⌽s with LPG-expressing, red fluorescent L. mexicana promastigotes (22) and with LPG-deficient mutant promastigotes (21) labeled with the red fluorescent DNA dye SYTO 61 to investigate a potential role of the major parasite surface ligand on phagosome maturation. The BMM⌽s phagocytosed both parasite forms and, as shown above, all phagosomes independent of the parasite strain they contained underwent Rab5 recruitment and subsequent loss. Real-time tracking showed that LPG-deficient parasites lacking this dominant surface ligand resided significantly longer in GFP-Rab5 ϩ vesicles (Fig. 4, left panel; median 150 s, range 20 -290 s; PϽ0.05).
In chronically infected or immune hosts, parasites become opsonized with antibodies (28) . Therefore, physiological relevance is thought to shift from CR3-to Fc␥ receptor (Fc␥R) -mediated phagocytosis (29 -31) . To model this shift and mimic infection in, e.g., a vaccinated host, promastigotes were opsonized with serum immunoglobulin (Ig) from infected mice under conditions in which complement activation is minimal to enforce Fc␥R interactions. Ig-opsonized parasites were readily phagocytosed. Under these conditions, residence in GFP-Rab5 ϩ vesicles was significantly extended in comparison to WT, nonopsonized promastigotes with a median residence time of 180 s (PϽ0.05).
Kinetics of Rab5 recruitment to L. mexicana amastigote-containing phagosomes
Amastigote forms of L. mexicana can be cultured, and we used such axenic amastigotes of both WT and LPG-deficient parasites to infect host cells and determined the kinetics of phagosome maturation for this life-cycle stage. As shown in Fig. 4 (right panel) , amastigotes showed kinetics of Rab5 recruitment and loss that were very similar to those of promastigotes. Moreover, no significant difference was observed between WT and mutant amastigotes. Because this life-cycle form does not synthesize LPG or the other major promastigote surface molecule contributing to macrophage binding, glycoprotein gp63 (32) (33) (34) , this confirmed that differences noted at the promastigote stage were not due to other, unknown characteristics that may have arisen during cloning of the mutant line.
Modulation of residence time in the Rab5
؉ compartment did not alter parasite infection success
It has been shown for L. donovani that LPG delays phagosome maturation (8) and that Rab5 is relevant for the leishmanicidal functions of the host cell (7). Hence, altered residence times in Rab5 ϩ compartments might have an effect on intracellular survival. We therefore determined survival and replication of wild type and lpg1 Ϫ/Ϫ promastigotes in macrophages. In addition, we used wortmannin pretreatment, which delays phagosome maturation and extends residence time in Rab5 compartments, to assess the effect this might have on intracellular parasite survival and intracellular growth (Fig. 5) . Numbers of live, mutant lpg1 Ϫ/Ϫ L. mexicana promastigotes dropped faster than those of WT parasites during the first 48 h of infection, but subsequent growth of the surviving parasites was also faster, resulting in no significant net effect. Wortmannin pretreatment of host cells to delay phagosome maturation experimentally had no significant effect on survival or subsequent growth of either WT or mutant L. mexicana promastigotes.
DISCUSSION
We have developed a unique inducible GFP-Rab5 transgenic mouse model to visualize Rab5 recruitment to endocytic vesicles. This approach enabled us to resolve the first minutes of maturation of Leishmania-infected phagosomes in primary macrophages despite the fact that infection is not synchronous. Our results establish that all parasite-containing phagosomes follow a uniform early maturation sequence and pass through a Rab5 ϩ compartment in primary host cells. Because Leishmania life-cycle stages differ in their surface ligands and physiological relevance of phagocytic receptors, e.g., CR3 and Fc␥R, depends on the immune status of the host, our model system and available mutant parasites allowed us to investigate the influence of dominant ligand receptor pairs on the kinetics of Rab5 recruitment to and loss from phagosomes. Phagosome formation requires local F-actin assembly (35) that was shown to peak between 10 and ϳ100 s after cognate contact with model beads (36, 37) . The duration of the pre-Rab5 stage for parasite-containing vesicles was between these limits. The mechanism of initial Rab5 recruitment to phagosomes is unclear, but the cinematic sequences suggested that part of the Rab5 stemmed from homotypic fusion events with already GFP-Rab5 ϩ vesicles. EEA-1 may be involved in that process (38) , as it can tether early endosomes to newly formed Rab5 ϩ phagosomes. A homotypic fusion mechanism also explains the few fusion events observed between parasite-containing GFP-Rab5 ϩ phagosomes. Our comparative data on the kinetics of Rab5 recruitment and loss on bead-and pathogen-containing phagosomes confirmed that that type of cargo can have a dramatic effect on the behavior of the phagosome. Our data also agree with evidence that higher order signaling cascades are implicated in modulating endosome/phagosome maturation (39) . Ligand-receptor interactions acting during parasite binding and phagosome formation clearly modulated median residence times in Rab5 ϩ compartments, whereas the duration of the pre-Rab5 stage was not affected. Absence of LPG, the dominant ligand on promastigotes, increased these intervals. LPG coats promastigotes entirely, engages CR3 directly (27, 40) , and triggers CR3-mediated phagocytosis (41) , but, at least in dendritic cells, can induce a proinflammatory response (42) and on mac- rophages was shown to interact with TLR-2 (43, 44) . TLR signaling pathways reportedly affect phagosome maturation (12) , although this view has since been challenged (45) .The absence of LPG had a statistically significant effect on residence times of L. mexicana promastigotes in Rab5 ϩ compartments, but the relevance of this result seems to differ between species. For cultured L. donovani promastigotes, LPG was shown to delay phagosome maturation and benefit parasite survival in model host cells (7, 8) , our results show that it did not significantly affect the net success of L. mexicana promastigotes in nonactivated, primary host cells. It will be interesting to determine the reasons for this.
Of note, LPG-or opsonization-mediated modulation of residence in Rab5 ϩ compartments overlaid an even broader variation within a population of phagosomes formed by taking up parasites of the same kind. Particle shape has been shown to have a dramatic effect on phagocytosis (46) . Leishmania are anisotropic; hence the number of receptor ligand systems binding to a single parasite and triggering phagocytosis may be very different between a parasite docking to a host cell only with the tip of its body vs. one that is interacting over a greater surface. In these situations differences in signal strengths emanating from host cell surface receptors may be generated, and this may explain part of the variation in maturation kinetics. We are currently investigating this hypothesis.
Residence times of Ig-opsonized parasites in Rab5 ϩ compartments were 5 times shorter than those reported for Ig-opsonized sheep red blood cells in GFPRab5-transfected RAW cells (47) . RAW cells are macrophage-like cells but, based on microarrays, display numerous differences to primary macrophages (48) . Thus, the divergent residence times may reflect functional differences between RAW and primary macrophage cells. Alternatively, the exposure of RAW cells to plasmid DNA during transfection/electroporation to induce transgene expression could have an effect on maturation kinetics because the plasmid vector DNA contains sequences that can trigger TLR-9 (49). The application of functional Rab fusion proteins in professional phagocytes has generally met with limited success because these cells are difficult to manipulate genetically and often become activated by the respective procedures (12, 50, 51) . Furthermore, expression in transfected cells is difficult to control and overexpression, e.g., of Rab5, can be toxic and can alter vesicular dynamics (52). The system described here, however, appears not to be subject to these caveats. GFP-Rab5 induced in primary cells was easily detected, faithfully reflected the dynamics of endogenous rab5, and showed no toxicity. Preliminary data with gfp-rab7 or tfr-gfp transgenic ES cells suggested that the approach can be extended to other vesicle subpopulations (unpublished results). Furthermore, the two-component TET-ON system was adapted so that the system behaves like a single X chromosomally inherited trait opening the attractive avenue to mobilize it easily into the background of mutant mice with genetic defects in phagocytosis/endocytosis (53, 54) or other related processes.
In summary, we report on the generation of a unique gfp-rab5 transgenic mouse model to study phagocytosis and endocytosis in diverse primary cell types. Here, we used it to establish the uniform sequence of entry and exit for Leishmania-containing phagosomes into Rab5 compartments and to determine with high temporal resolution residence intervals that we show are influenced by early cell surface receptor-parasite ligand interactions. 
